Introduction
Clinical diagnostic criteria for the behavioral variant of frontotemporal dementia (bvFTD) have been proposed [1] , but the differentiation from Alzheimer's disease (AD) remains difficult with the current neuropsychological and imaging tools [2] . On a neuropsychological level, discriminating bvFTD from AD on the basis of executive test performance has yielded inconsistent results [3, 4] . However, recent findings show that bvFTD patients are impaired on a test of inhibitory function (Hayling) [5] [6] [7] , which is a common behavioral feature seen in bvFTD at presentation [8] . This deficit has been reported to be orbitofrontal cortex (OFC)-dependent [9] .
Moreover, neuroimaging studies have suggested that the brain regions most consistently involved in bvFTD are mesial/orbitofrontal prefrontal cortices [10] , with OFC regions affected in the very early disease stages [11] . However, to date, OFC atrophy measures have been not considered in the clinical diagnosis of bvFTD.
This prospective study examined performance on the Hayling test and other executive function tests similar to [7] and their relation to a measure of brain atrophy using a previously validated MR visual rating scale [12] . More specifically, we investigated whether the Hayling test, which has been shown to recruit the OFC and adjacent prefrontal areas, could be used as an efficient discriminator between bvFTD and AD patients at presentation. In addition, we examined how orbitofrontal atrophy distinguishes the 2 patient groups. Finally, we considered the utility of a combination of executive tests and scan ratings in the discrimination of these groups.
Methods

Case Selection
Patients were selected from the FRONTIER Dementia Clinic database resulting in a sample of 11 bvFTD patients, 15 AD patients and 18 controls. All bvFTD patients met current consensus criteria for FTD [1] and all AD patients met NINCDS-ADRDA diagnostic criteria [13] for probable AD (see table 1 for demographic details). All caregivers completed the Cambridge Behavioral Inventory [CBI, 14 ] to assess the behavioral symptoms. Ageand education-matched healthy controls were selected from a healthy volunteer panel, or were spouses/carers of patients.
Based on our prior findings [7] , the following executive tests were administered: Brixton Spatial Anticipation test and Hayling tests, Digit Span, and the FAS Verbal Fluency and Trails test. A more detailed description of the tasks can be found in our previous study [7] . Task measures are listed in table 1 .
Patients underwent general cognitive screening using the Addenbrooke's Cognitive Examination (ACE-R) [15] and MiniMental State Examination (MMSE). Only data from the first assessment were included in all analyses.
Behavioral Analyses
Data were analyzed using SPSS 17.0 (SPSS Inc., Chicago, Ill., USA). Parametric demographic (age, education), neuropsychological (executive and general cognitive tests) and behavioral (CBI) data were compared across the 3 groups (bvFTD, AD and controls) via 1-way ANOVA followed by Tukey post-hoc tests. A priori variables were plotted and checked for normality of distribution by Kolmogorov-Smirnov tests. Variables revealing nonnormal distributions were log-transformed and the appropriate log values were used in the analyses. Variables showing nonparametric distribution after log transformation were analyzed via 2 , Kruskal-Wallis and Mann-Whitney U tests.
Image Acquisition and Analysis
All patient and controls underwent the same imaging protocol with a whole-brain T1-weighted images using a 3-tesla Philips MRI scanner with standard quadrature head coil (coronal orientation, matrix 256 ! 256, 200 slices, 1 ! 1 mm 2 in-plane resolution, slice thickness = 1 mm, TE/TR = 2.6/5.8 ms, flip angle ␣ = 19°).
One rater (M.H.), who was blinded to the clinical diagnosis, rated T1 coronal MRIs based on a rating scale developed by Davies et al. [16] using a standard template against which to judge atrophy. The rater showed high reliability for the scoring of a MR training set of 100 scans (Cronbach's ␣ = .95). A more detailed description of the rating method can be found in the work of Davies et al. [16] . Four prefrontal regions were scored: orbital, medial, dorsolateral and total prefrontal cortices. Atrophy within each region was rated on a 5-point Likert scale ranging from 0 to 4 (0 = normal, 4 = severe atrophy; fig. 1 ). The total prefrontal atrophy was obtained by averaging the atrophy ratings from the other 3 regions. F values indicate significant differences across groups; Tukey post-hoc tests compare differences between group pairs. n.s. = Nonsignificant; * p < 0.05; ** p < 0.01; *** p < 0.001.
Results
Comparisons of bvFTD versus AD revealed no significant difference for any of the demographic variables. Controls were not significantly different from the 2 patient groups for any of the variables.
Performance of bvFTD and AD groups on the ACE-R and MMSE was generally worse than that of controls ( table 1 ). Post-hoc tests showed that bvFTD and AD patients were equivalent for the MMSE score, whereas the bvFTD group was worse than AD on the ACE-R scores (p ! 0.05). As evident from table 1 , the bvFTD group showed higher levels of endorsement for the Abnormal Behavior, Beliefs and Stereotypic Behavior CBI subscores.
Executive Function
The results of the executive test are shown in table 2 . For Trails B and Brixton total scores, significant group main effects for time and error scores were present. Posthoc tests showed that bvFTD differed marginally from the controls on these measures, whereas AD patients were impaired in comparison to the controls. AD and bvFTD did not differ from each other (i.e. bvFTD = AD ! controls). By contrast, for the Hayling test, a significant main effect was present for both the overall scaled score and total error score. In addition, follow-up t tests revealed significant differences between bvFTD and controls and between AD and controls, as well as between bvFTD and AD on both scores (bvFTD ! AD ! controls).
For Digit Span, good differentiation between the bvFTD and AD groups was observed for the backward score only. On FAS Letter Fluency, bvFTD and AD groups were significantly different for the age scaled score, but not for the total correct responses.
In summary, performance on the tests of executive function was variable across tests. In other words, some tests did not discriminate bvFTD and AD groups well (Brixton and Trails), while others (Digit Span, Hayling and Letter Fluency) showed better diagnostic potential. A logistic regression analysis on the patient groups (bvFTD vs. AD) using the enter method was performed using task measures which showed a significant distinction between groups (Digit Span backward score, Hayling error score, Hayling overall score, FAS correct response and age scaled score). Overall, 89.5% of the patients could be correctly classified based upon these scores, with 79.2% distinguished by the Hayling error score alone ( fig. 2 a) .
MR Rating Analysis
Analysis of the MRI ratings ( table 3 ) showed that the groups differed on all atrophy measures. The bvFTD patients showed the most severe atrophy overall across all F values indicate significant differences across groups; Tukey post-hoc tests compare differences between group pairs. FAS age scaled score norms taken from Ivnik et al. [22] . n.s. = Nonsignificant; * p < 0.05; ** p < 0.01; *** p < 0.000. F values indicate significant differences across groups; Tukey post-hoc tests compare differences between group pairs. n.s. = Nonsignificant; * p < 0.05; ** p < 0.01; *** p < 0.000. measures. AD patients showed significant differences to controls for total prefrontal (PFC), mesial prefrontal (MPFC) and dorsolateral prefrontal (DLPFC) cortex regions, but not significantly for orbitofrontal regions. More importantly, bvFTD and AD groups differed for total PFC, DLPFC and OFC atrophy measures. In particular, the OFC ratings showed a very good discrimination of bvFTD and AD, which was confirmed by a logistic regression analysis, showing that 73.1% of patients could be correctly classified on the OFC atrophy measure alone ( fig. 2 b) .
Sensitivity of Combined Measures for Group Membership
In a final analysis, we conducted a logistic regression analysis with the 2 factors most sensitive to group membership (Hayling error score, OFC atrophy rating). We found that by employing the Enter method, 91.7% of cases were correctly classified into bvFTD and AD.
Discussion
Our study demonstrated that bvFTD and AD patients can be discriminated on the basis of their performance on specific executive function tests, with the Hayling Test of Inhibitory Function emerging as the most efficient discriminator. Visual MR scan ratings of PFC regions also distinguished patient groups. In particular, OFC atrophy is a good diagnostic indicator to discriminate bvFTD from AD patients and from controls. Together, the Hayling Error Score and OFC atrophy rating distinguished over 91% of cases correctly.
In keeping with prior results from a retrospective study of a separate cohort [7] , the Hayling, Digit Span Backwards and Verbal Fluency test scores emerged as efficient indicators of group membership. This finding was further confirmed by the logistic regression analysis which showed that these scores correctly classified the majority of patients. In addition, a simple and quick visual MR rating scale [12] was capable of detecting PFC atrophy and discriminating bvFTD from AD patients. More importantly, the OFC region emerged as the most sensitive indicator of group membership: very few AD patients show atrophy of this brain region in the early stages of the disease, despite evidence of more generalized frontal atrophy [17, 18] . The OFC region has been implicated in bvFTD on the basis of quantitative MRI measures [11] , as well as by pathological studies [19] . Standardized neuropsychological tests which target the OFC region are rare. Therefore, the development of the Hayling test [5] , which taps into the dysfunction in this region, has important implications for the diagnosis of bvFTD patients.
Clinically, an accurate distinction between bvFTD and AD early in the course of the disease can be difficult, as many AD patients present with executive dysfunctions which make it difficult to distinguish them from bvFTD on that basis alone [20] . In addition, most bvFTD patients are impaired on tests of episodic memory to a similar magnitude in AD, although these patients typically remain well orientated [21] . Our study emphasizes the importance of employing quantitative tests that tap into orbitofrontal dysfunction. Such tests, in combination with scan ratings of PFC regions, emerge as powerful tools to distinguish bvFTD and AD. Thus, abnormal scores on such orbitofrontal tests combined with atrophy in this region on MR strongly suggest FTD rather than AD pathology. It should be noted, however, that a small percentage of bvFTD patients (8.3%) in our sample showed a normal Hayling performance and OFC scan rating.
It is important to note that even though the sensitivity of tests for detecting bvFTD was high, our results should be regarded as preliminary until they have been replicated in a bigger sample as well as in histopathologically confirmed cases. Furthermore, it will also be interesting to combine the Hayling test with nonverbal orbitofrontal-dependent tests to explore disinhibition in the language FTD subtypes, as well as contrasting them with the behavioral variant patients.
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